In this work we consider the action for a set of complex scalar supermultiplets interacting with the scale factor in the supersymmetric cosmological models. We show that the local conformal supersymmetry leads to a scalar field potential defined in terms of the Kähler potential and superpotential. Using supersymmetry breaking, we are able to obtain a normalizable wavefunction for the FRW cosmological model.
Introduction
The study of supersymmetric minisuperspace models has led to important and interesting results. To find the physical states, it is sufficient to solve the Lorentz and supersymmetric constraints [1, 2, 3] . Some of these results have already been presented in two comprehensive and organized works: a book [4] and an extended review [5] . In previous works [6, 7] we have proposed a new approach to the study of supersymmetric quantum cosmology. The main idea is to extend the group of local time reparametrization of the cosmological models to the n = 2 local conformal time supersymmetry. For this purpose the odd "time" parameters η,η were introduced (whereη is the complex conjugate to η ), which are the superpartners of the usual time parameters. The new functions, which previously were functions of time t become now superfunctions depending on (t, η,η), which are called superfields. Following the superfield procedure we have constructed the superfield action for the cosmological models, which is invariant under n = 2 local conformal time supersymmetry. The fermionic superpartners of the scale factor and the homogeneous scalar fields at the quantum level are elements of the Clifford algebra. We will consider the supersymmetric FRW model interacting with a set of n complex homogeneous scalar supermatter fields. We show that in this case, the potential of scalar matter fields is a function of the Kähler function and an arbitrary parameter α . The local conformal supersymmetry cannot fix the value of the parameter α , the space-time supersymmetry does. Furthermore, when α = 1 , the scalar field potential becomes the vacuum energy of the scalar fields interacting with the chiral matter multiplets as in the case of 1 e-mail: fermin@ifug2.ugto.mx 2 e-mail: rosales@ifug3.ugto.mx 3 e-mail: vladimir@ifug3.ugto.mx 4 e-mail: jtorres@ifug1.ugto.mx N = 1 supergravity theory, [8] . Using supersymmetry we are able to obtain a wavefunction which depende of the Kähler function.
Supersymmetric FRW model with matter fields
Let us begin by considering the FRW action
where k = 1, 0, −1 stands for a spherical, plane and hyperspherical three-space, respectively,Ṙ = dR dt , G N is the Newtonian gravitational constant, N (t) is the lapse function and R(t) is the scale factor depending only on t. In this work we shall set c =h = 1 .
It is well known that the action (1) preserves the invariance under the time reparametrization.
if R(t) and N (t) are transformed as
In order to obtain the superfield formulation of the action (1), the transformation of the time reparametrization (2) were extended to the n = 2 local conformal time supersymmetry (t, η,η) [6] . These transformations can be written as
with the superfunction IL(t, η,η), defined by
where 
is the Grassmann complex parameter of the local conformal SUSY transformations (4) and b(t) is the parameter of local U (1) rotations on the complex coordinate η .
The superfield generalization of the action (1), which is invariant under the transformations (4), was found in our previous work [6] and it has the form
where we introduce the parameter κ 2 = 8πG N . We can also see that this action is hermitian for k = 0, 1 . The last two terms in (6) form a total derivative which are necessary when we consider interaction. IN (t, η,η) is a real one-dimensional gravity superfield which has the form
where
The components of the superfield IN (t, η,η) in (7) are the gauge field of the one-dimensional n=2 extended supergravity.
The superfield IR(t, η,η) may be written as
(ψλ − ψλ). The transformation rule for the real scalar superfield IR(t, η,η) is
The component B(t) in (9) is an auxiliary degree of freedom; λ(t) andλ(t) are the fermionic superpartners of the scale factor R(t). The superfield transformations (8) , (10) are the generalization of the transformations for N (t) and R(t) in (3).
The complex matter supermultiplets Z A (t, η,η) and ZĀ(t, η,η) = (Z A ) † consist of a set of spatially homogeneous matter fields z A (t) andzĀ(t)(A = 1, 2, . . . , n), four fermionic degrees of freedom χ A (t),χĀ(t), φ A (t) andφĀ(t), as well as the bosonic auxiliary fields F A (t) andFĀ(t).
The components of the matter superfields Z A (t, η,η) andZĀ(t, η,η) may be written as
The transformation rule for the superfields Z A (t, η,η) andZĀ(t, η,η) may be written as
So, the superfield action takes the form
where κ 2 = 8πG N . The action (15) is defined in terms of one arbitrary Kähler superfunction G(Z A ,ZĀ) which is a special combination of IK(Z A ,ZĀ) and
and is invariant under the transformations
with the Kähler potential IK(Z,Z) defined by the complex superfield Z A related to the G(Z,Z) from (16).
The superfunction G(Z,Z) and their transformations are the generalizations of the Kähler function G(z,z) = IK(z,z) + log |g(z)| 2 defined on the complex manifold. Derivatives of Kähler function are denoted by (17) is invariant under the local n = 2 conformal supersymmetry transformations (4) if the superfields are transformed as (8), (10), (13) and (14). The action (15) corresponds to FRW in the minisuperspace sector of supergravity coupled to complex scalar fields [8] . After the integration over the Grassmann variables η,η the action (15) becomes a component action with the auxiliary fields B(t), F A (t) andFĀ(t). These fields may be determined from the component action by taking the variation with respect to them. The equations for these fields are algebraical and their solutions are
After substituting them again into the component action we get the following action:
where (1), (6), (15) and (18), as is usually the case, but negative. This is due to the fact that the particlelike fluctuations do not correspond to the scalar factor R(t) [9] . Besides, the potential term U (R, z,z) reads
where the effective potential of the scalar matter fields is
In the action (23), as in the effective potential, the Kähler function is a function of scalar fields G(z,z). When the parameter α = 1 , we obtain the effective potential for supergravity coupled to scalar matter fields. From (24) we can see that when k = 0 , U (R, z,z) = V ef f (z,z).
In order to discuss the implications of spontaneous supersymmetry breaking we need to display the potential (25) in terms of the auxiliary fields
where the auxuliary fields B and F A now read
The supersymmetry is spontaneously broken, if the auxiliary fields (28) of the matter supermultiplets get nonvanishing vacuum expectation values. The potential (25,26) consists of two terms; the first of them is the potential for the scalar fields in the case of global supersymmetry. Indeed this superpotential is not positive semi-definite in contrast with the standard supersymmetric quantum mechanics case. The global supersymmetry [10] is unbroken when the energy is zero due to F A = 0 . Besides, the energy plays the role of the order parameter in this case. For the local symmetry, the energy ceases to play the role of the order parameter when gravity is taken into account [8] in other words, the spontaneous breaking of supersymmetry in our model, allows us to describe the general physical situation for different energies, including the case when the energy is zero. Now we can see that at the minimum in (26) V ef f (z A 0 , zĀ 0 ) = 0 , but F A = 0 , then the supersymmetry is broken when the vacuum energy is zero. The measure of this breakdown is the term (− 
as the gravitino mass in the effective supergravity theory [8] . Hence, we can see that in our model the conformal time supersymmetry (4), being a subgroup of the space-time SUSY, gives us a mechanism of spontaneous breaking of this SUSY [8] .
Wave function of the Universe
The Grassmann components of the vacuum configuration with the FRW metric may be obtained by decomposition of the Rarita-Schwinger field and of the spinor field in the following way [11] commuting covariant constant spinors λ α (x i ) andλλ(x i ) are fixed on the configuration space, and an the other hand, time-like depending Grassmann variables are not spinors. Then the time-like components of the Rarita-Schwinger field may be written as
The spatial components of the Rarita-Schwinger field have the following representation corresponding to the direct product time-subspace on the 3-space of the fixed spatial configuration (in our case it is a plane or a three sphere). Explicitly, we get
where e (µ)
m (x i , t) are the tetrads for the FRW metric. Those representations are solutions of the supergravity equations.
We have the classical canonical Hamiltonian
where H is the Hamiltonian of the system, S andS are supercharges and F is the U(1) rotation generator. The form of the canonical Hamiltonian (32) explains the fact, that N, ψ,ψ and V are Lagrange multipliers which enforce only the first-class constraints, H = 0, S = 0,S = 0 and F = 0, which express the invariance of the conformal n = 2 supersymmetric transformations. As usual with the Grassmann variables we have the second-class constraints, which can be eliminated by the Dirac procedure. In the usual canonical quantization the even canonical variables change by operators
and the odd variables λ,λ, χ A ,χ A , φ A andφ A after quantization become anticonmutators.
We can write λ,λ, χ AχA , φ A andφ A in the form of the direct product 1 + 2n, 2 × 2 matrices. We then obtain a matrix realization for the case of n complex mater supermultiplets
where the down index in the direct product at the matrix shows the place of the matrix (A = 1, 2, . . . , n),
with σ 1 , σ 2 , and σ 3 being the Pauli Matrices. In the matrix realization the operators λ, χ A and
). In the quantum theory the first class constraints associated with the invariance of action (17) become conditions on the wave functions ψ . Therefore any physically allowed states must obey the quantum constraints
Where the first equation in (35) is the so-called Wheeler De Witt equation for minisuperspace models.
To obtain the quantum expression for the Hamiltonian H and for the supercharges S and S + we must solve the operator ordering ambiguity. Such ambiguities always arise when, as in our case, the operator expression contains the product of non-commuting operators R, π R , Z
A and π A . Then we must integrate with measure R
in the inner product of two states. In this measure the momenta π R = i ∂ ∂R is nonHermitian with π
; however, the com-
The quantum generators H, S,S and F form a closed superalgebra of the supersymmetric quantum mechanics
As we can see from Hamiltonian, the energy of the scale factor is negative. This is reflected in the fact that the anticommutator value {λ,λ} = −3/2 of superpartners λ andλ of the scale factor is negative, unlike anticommutation relations for χ A ,χ B and φ A ,φ B , which are positive. Anticommutation relations may be satisfied under the conditions.
where {λ, λ
2 . Then the equation may be written in the form
In order to have consistency with expressions (37) and (38) it is necessary that the operator ξ possess the following properties (ξ + = ξ):
The operatorλ,χ A andφ A will be conjugate to operators λ, χ A and φ A under inner product of two states ψ 1 and ψ 2
which in general is non-positive. In the matrix realization the operator ξ has the form
So, for the superchange operator S we can construct conjugation (38) under the operatorS with the help of the following equation
We can see that the anticommutators of supercharge S and their conjugateS under our conjugate operation has the form
and it is self-conjugate operator.
As a consequence of algebra (36) we obtain that the Hamiltonian H is a self-conjugate operatorH = ξ −1 H + ξ = H and its value is real.
Note that the superalgebra (36) does not define positive-definite Hamiltonian in a full agreement with the circunstance, that the potential V ef f (z,z) of scalar fields (25,26) is not positive semi-definite in contrast with the standard supersymmetric quantum mechanics. In this case the normalizable solution to the quantum constraints
is the wavefunction in the supersymmetry breaking state with zero energy.
With the conformal algebra given by (36) we need to solve only these two quantum constraints in order to search our solutions. Using the matrix representation (34) to solve (44) one ψ 2 2n+1 component ψ can have the right behaviour when R → ∞, we have a normalizable solution. 
In the case of a minimum the potential V ef f (z 0 ,z 0 ) = 0 and k = 0 , then using (29) we get
where we have thus
the normalization constant has the following valueC 0 = (12m 3/2 M 2 pl ) 1 2 .
which give us the probability to find the Universe with scale factor between R and R+dR , as usual in quantum mechanics. Then, the probability (also called distribution function) of having a Universe with scale factor R is
Conclusions
The specific quantum supersymmetric mechanics corresponding to quantum level in our models defines the structure which permits the fundamental states invariant under the n = 2 local conformal supersymmetry in N = 1 supergravity interacting with a set of matter fields [8] . In our case the constraints and the wave function of the universe permit the existence of non-trivial solutions.
